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 CIR mixtures with 100% RAP were manufactured using 3 different compaction methods.
 The volumetric properties were obtained before and after curing by different methods.
 The volumetric results were compared with one another, and with the target and usual field values.
 The gyratory compaction was found to be the most suitable for CIR.
 Density by dimensions was useful for mix design; while the dry method best predicted field results.a r t i c l e i n f o
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Volumetric propertiesa b s t r a c t
Compaction is one of the most important factors to be considered while manufacturing laboratory sam-
ples of cold in-place recycled (CIR) mixtures.
In this study, the effect of three laboratory compaction procedures (static, gyratory, and impact) on the
volumetric performance of CIR mixtures was investigated. CIR specimens were manufactured with the
same proportion of added water and bitumen emulsion, and using several levels of compaction, varying
the number of gyrations and blows. The volumetric properties were evaluated by different procedures,
both before and after curing. A comparison between the laboratory results of the different tests, the
design target values, and actual in-field values was performed. It was observed that gyratory compaction
proved to be the most versatile and one that best represented the real compaction. The bulk density pro-
cedure by dimensions was useful for laboratory design; however, it overestimated the sizes of the air void
content by more than 10% compared to the field values.
 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Cold in-place recycling (CIR) technology has started attracting
increasing attention in maintenance and rehabilitation of stressed
road pavements in recent years, as it is possibly one of the most
cost-effective techniques and offers numerous advantages in terms
of environmental sustainability and mechanical performance of
the mixtures [1–3].
This rehabilitation process is aimed at obtaining reusable mate-
rials normally from worn-out pavements and using them in newmixtures for base or binder layers, as well as wearing courses. In
this context, the most commonly used material is the reclaimed
asphalt pavement (RAP). This process allows the use of a high
amount of RAP as an aggregate. The easy availability of RAP implies
a continuous supply of solid phase for the mixtures, while the use
of virgin natural aggregates can be avoided, thus requiring less
energy and transportation [4].
The main binder used in CIR is bitumen, which can be applied in
the form of either bitumen emulsion or foam. Both of these bitu-
men materials allow a reduction in the viscosity of bitumen so that
it can blend and compact these mixtures without heating. In this
study, only the use of bitumen emulsion was considered, following
the Spanish specifications for pavement recycling (known as PG-4)
[5]. An additional amount of water is also normally added to the
Table 1
Documented in-field density ranges for CIR mixtures.
In-field density range for CIR (kg/
m3)
Source
2120.84 – 2271.42 Diefenderfer et al. (2012) [19]
2026.00 Cox et al. (2015) [16]
2082.40 Lee et al. (2003) [20]
1948.00 – 2031.00 Sufian et al. (2008) [21]
1879.80 – 2105.80 Cross (2002) [22]
2040.00 – 2140.00 Martínez-Echevarría Romero (2012)
[23]
2270.00 – 2310.00 Martínez (2007) [14]
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and improves the workability and compactability of the mixture
[6–8]. Additives, such as Portland cement and lime, are usually
added to facilitate dispersion of bitumen in the cold mixture, reg-
ulate the breaking of the emulsion, accelerate the curing time, and
improve the mechanical properties of the mixture [5,9]. In this
study, CIR mixtures were manufactured with 100% RAP and with
no additives.
In the context of the design of asphalt mixtures, it is a common
practice to manufacture laboratory specimens and test them to
predict the behaviour of asphalt pavements before their actual
deployment in the field. Thus, to design high-quality pavements,
it is essential to ensure the production of high-quality laboratory
specimens for mechanical testing. One of the main steps in the
manufacture of laboratory specimens is compaction, which
involves a number of procedures and parameters.
Compared to field compaction, one of the advantages of com-
paction in the laboratory is that it allows a greater control of fac-
tors, such as the amount of energy used, material consumption,
temperature, moisture, etc. [5,10,11]. Furthermore, it does not
require the removal of the cores from an intact in-service road to
test them. However, one of the main difficulties is the selection
of the most appropriate compaction method and then setting its
parameters such that the final specimens reproduce the mechani-
cal and volumetric performance obtained in the field to the maxi-
mum extent possible.
Furthermore, it was also proven that even though laboratory
compaction methods could produce laboratory samples with iden-
tical volumetric properties, different methods often result in
asphalt mixtures with different mechanical properties. These dif-
ferences in the mechanical behaviour are caused by the differences
in the orientation of the particles and the general structure of the
aggregates, which in turn, is because of the different methods of
compaction and procedures used [10,11]. For this reason, numer-
ous studies are being carried out to investigate the reasons for
these differences among the existing laboratory compaction meth-
ods, as well as differences with in-field compaction, and their influ-
ence on the volumetric and mechanical properties [12,13].
Internationally, there are many compaction procedures for
asphalt mixtures. Depending on the specific design methods used
in each country, not only may the compaction procedures
employed vary, but within the same method, some of the relevant
parameters may also be applied in different magnitudes. This is the
case for gyrations, internal rotation angle or speed in the gyratory
compactor, pressure or time in the static procedure, number of
blows in Marshall compaction, etc [11,13–15].
Particularly in Spain, in the design of a CIR mixture in a labora-
tory, the applicable standard is known as PG-4 [5,17]. The PG4
standard from 2001 [5] was updated in 2017 [17], and one of the
main changes introduced was the required compaction method.
Since 2017 the gyratory compactor has been recommended, while
prior to that, the static compaction was used. Previous studies have
already examined the differences between these two standards
[18], and it was found that there were problems in achieving the
mechanical requirements of the gyratory compacted mixtures with
the current specification. Therefore, it was concluded that a revi-
sion and adjustment of this specification was needed.
While compacting CIR mixtures, a distinction must be made
between the target density and the density achieved in practice.
The target density is typically 97% to 100% of the dry density
obtained in the laboratory using the modified proctor test (MPT),
depending on the specification followed [5,15–17]. However, fre-
quently, the densities reached in the field usually exceed these tar-
get values, based on the data obtained from the cores, owing to the
type of compaction, traffic flow, and other factors.2
Based on technical reports and scientific literature, it is possible
to obtain an overall view of the volumetric behaviour of real CIR
mixtures implemented on site [16]. Table 1 provides a framework
for the field density documented in the literature, mainly resulting
from density tests on extracted cores. It is important to point out
that each particular study used a CIR mixture with a different
RAP; in some cases, additives, different dosages of water and bitu-
men emulsion, and therefore the results were different.
As can be seen, in Table 1, the in-field densities for CIR mixtures
are widely variable, ranging from 1879.80 to 2310.00 kg/m3. The
average in-field density from the explored literature was
2106.96 kg/m3 for CIR mixtures.2. Motivation
The lack of adequate knowledge on cold mixtures and their
design makes it necessary to carry out more studies on CIR mix-
tures. There are many compaction studies of asphalt mixtures,
which have aimed to adjust the existing compaction methods to
achieve a compaction similar to that obtained in the field.
However, with regard to CIR mixtures, there has been no con-
sensus and the results obtained have been very diverse. For exam-
ple, the required number of turns of the gyratory compactor
usually varies between 30 and 200 to reach the field reference den-
sities according to different studies and reports [14,16,22,25–27].
These differences are sometimes because of the use of different
additives or fillers in the mixtures (which facilitate compaction),
or changes in certain parameters (e.g., internal rotation angle of
the compactor) that significantly influence the volumetric proper-
ties obtained [14,28].
It was therefore decided to conduct a study with mixtures man-
ufactured with 100% RAP, using different compacting methods, and
varying their parameters to contribute further knowledge on this
subject and gain a deeper understanding of the influence of differ-
ent compaction procedures on the volumetric properties and final
performance of the CIR mixtures. In addition, different standard-
ised procedures were used to obtain such volumetric properties.3. Aim and scope
This study was focused on the analysis of volumetric character-
istics of CIR mixtures with bitumen emulsion. The main objective
was to evaluate and compare the volumetric properties of CIR
specimens manufactured using three of the most widely used lab-
oratory compaction methods in Spain, namely gyratory, static, and
impact (Marshall hammer), and by varying certain compaction
parameters (e.g. compaction energy). To this end, considering the
large volume of work involved in this study, it was divided into
two parts.
In the first part, because of the great variability found in the lit-
erature in terms of gyrations used with the gyratory method, an in-2192.00 Miró (2007) [24]
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complete range of gyration cases allowed by the compactor; while
in the second part, samples were manufactured using the other
two laboratory compaction methods (static and impact), following
their respective standards. In both the cases, the main objective
was to obtain the volumetric properties of the manufactured CIR
specimens using these different procedures.
The CIR mixtures typically present higher voids content than
traditional dense-graded HMA, so it was considered essential to
use 3 different procedures to obtain the bulk density (geometrical,
sealed specimen and dry procedures) and analyse the differences
in the results.
Finally, the results were compared by analysing the compaction
plots. This comparison allowed us to establish the equivalent com-
paction energy among the studied methods, define the most suit-
able laboratory compaction procedure to reach the target
density, and reproduce the in-field behaviour as accurately as
possible.4. Materials and methods
4.1. Materials
4.1.1. Reclaimed asphalt pavement (RAP)
The studied CIR mixtures employed 100% RAP obtained by
milling the superior part of worn out road asphalt pavements.
The RAP was provided by a regional specialist contractor. Fig. 1
shows the size distribution of the used RAP, obtained following
the Standard EN-12697-2 [29], and the gradation limits of the
Spanish specifications for CIR mixtures [5].
The RAP had a bulk specific density of 2560 kg/m3, which was
obtained in accordance with EN 1097-6 [30]. The residual binder
content, obtained according to the Spanish Standard NLT-164/90
[31], was 7.81% (by aggregate weight). Additionally, the recovered
asphalt showed a ring and ball temperature of 64.4 C, based on EN
1426 [32] and a penetration of 20.32  101 mm based on EN 1427
[33].
In comparison with other studies in the technical literature, the
used RAP showed a coarse grain size. However, no grain size cor-
rections were made to investigate what actually happens in a cold
in-place recycling. Also, it is a RAP with a high binder content,
which reflects the fact that it came from the milling of surface
bearing layers, with higher concentrations of bitumen content than
the other layers. The Spanish specification PG-4, followed for CIRFig. 1. RAP gradation compared with t
3
[5], does not limit the use of RAP in this case; therefore, it was
decided to use the same in this study.4.1.2. Bitumen emulsion
The bitumen emulsion employed in this study was a C60B5 REC
(according to EN 13808 [34] nomenclature). This implies a slow-
setting cationic emulsion with 60% bitumen content (BC). The bitu-
men emulsion was supplied by a Spanish petroleum company. The
ring and ball temperature, and the penetration values of the fresh
residual bitumen used to produce the bitumen emulsion were
20.32 C and 170.00  101 mm, according to EN 1426 [32] and
EN 1427 [33], respectively.4.1.3. Paraffin wax
The bulk density of the CIR specimens was calculated according
to the standard EN 12607-6 [35], following procedure C, titled
‘‘Sealed specimen”. As the CIR mixtures were very porous, paraffin
wax was used to make the specimens waterproof by sealing them
and preventing water from penetrating the accessible voids in the
specimen. The density of the paraffin used was 800 kg/m3, and its
melting point was 56 C.4.2. Methods
4.2.1. Assessment of CIR compaction
As stated before, in view of the high volume of data in the com-
paction analysis conducted, it was decided to divide the study into
two parts (Fig. 2):
- In the first part, an exhaustive study of the gyratory compaction
method was conducted. The variation in the volumetric proper-
ties of the specimens was analysed depending on the variation
in the number of gyrations performed during the compaction.
- In the second part, the specimens were manufactured using sta-
tic and impact compaction, and the corresponding volumetric
properties were also obtained.
Different procedures for obtaining the bulk density were per-
formed to evaluate the differences. Finally, the obtained results
were compared and a relationship among the methods studied
was determined. In addition, the most appropriate compaction
method for CIR and the best procedure to calculate the volumetric
properties of the specimens were identified for meeting the design
target density and the best estimation of in-field behaviour.he limits from PG-4 specification.
Fig. 2. Structural diagram of the study.
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There is a multitude of design methods for CIR mixtures, both in
the international scientific literature and in the related standards,
and there is no universally accepted procedure. In this study, the
design method described in the Spanish PG-4 specification for
CIR mixtures was employed [5].
4.2.2.1. Modified Proctor test for added water content (AWC). Firstly,
to obtain the optimum fluid content (OFC) of the studied CIR mix-
tures, modified Proctor tests were performed on the RAP following
the EN 103–501 standard [36]. The RAP was placed in an oven for
24 h at 60 C to completely dry the same and make the water con-
tent of the samples homogenous according to the specifications of
PG-4 [5]. After returning the RAP to the ambient temperature (i.e.
20 C), it was separated into six identical samples. The dry RAP
samples were blended with various amounts of water, which ran-
ged from 1.50% to 7.50%. The OFC representing the maximum dry
density was determined by analysing the resulting dry density –
water content plots. Finally, the AWC, which must be initially
mixed with the RAP in the mixing process was obtained by Eq.
(1) from PG-4 [5]:
AWC %ð Þ ¼ OFC %ð Þ  0:5  EC %ð Þ ð1Þ
where AWC is the added water content; OFC is the optimum fluid
content; and EC is the bitumen emulsion content that is added to4
the RAP (all values are percentages over the total RAP in the
mixture).
4.2.2.2. Optimum binder content. According to the Spanish specifi-
cation PG-4 [5], the job mix formula of the CIR mixtures needs to
be validated by testing the sensitivity to water by means of the
unconfined compression test (UCS). This test was performed fol-
lowing the Spanish Standard NLT-162 [37].
For this purpose, five series, each of which consisting of ten
cylindrical specimens were manufactured and compacted using
static compaction, by employing different residual BC and AWC.
After the compaction, the specimens were cured at 50 C in an oven
for 3 d. Within each series, five specimens constituted the wet
group and were conditioned by immersing them in water at
60 ± 1 C, while five specimens constituted the dry group and were
introduced into a climatic chamber at 25 ± 1 C. The conditioning
period was 1 d in all the cases, as stated in NLT-162. Just before
the test was carried out, all the specimens were immersed in water
at 25 ± 1 C for 120 min.
The retained strength ratio (RSR) was calculated as follows:
RSR %ð Þ ¼ UCSwet
UCSdry
 100 ð2Þ
where UCSwet is the average of the unconfined compression strength
of the samples in the wet group and UCSdry is the average of the
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Finally, the results obtained were compared, and the best percent-
age was selected, which met the minimum requirements of
strength for the potential traffic categories.
4.2.3. Manufacturing of specimens
4.2.3.1. Mixing process. The mixing process was divided into two
steps, which was followed for all the studied samples. To begin
with, the RAP and added water were first mixed for 60 s; then
the bitumen emulsion was added to the mixture; and they were
mixed for an additional 90 s, which meant a total mixing time of
150 s. This mixing time was selected based on the previous results
and studies [18,25], to ensure an adequate coating of the RAP,
while still not breaking the bitumen emulsion.
To make the specimens as similar and the results as comparable
as possible, all the specimens were produced with the same RAP
content, and same water and bitumen emulsion proportions
4.2.3.2. Compaction methods. Once the mixing process was com-
plete, the mixture was introduced into moulds for compaction. In
this study, three different types of compaction were employed,
namely gyratory, static, and impact procedures, which are
described as follows.
a) Gyratory compaction
Gyratory compaction was conducted according to EN 12697-31
[38]. The dimensions of the specimens included a diameter of
99.7 mm and a height of 63.5 ± 1.5 mm, as these dimensions are
considered to be suitable for volumetric studies; furthermore,
these dimensions are widely used in different mechanical tests,
for example, in the indirect tensile strength measurement. The
gyratory specimens were produced using 950 g of RAP.
The parameters of the gyratory compactor (Fig. 3) included an
internal angle of rotation of 0.82, speed of 30 rpm, and com-
paction pressure of 600 kPa, as stated in the European standard
EN 12697-31 [38]; these parameters remained constant through-
out this study.
Fig. 3 shows all the steps followed during the gyratory com-
paction procedure, from the mixing of the sample (Fig. 3a) and
its placement in the mould and in the compactor (Fig. 3b, 3c, and
3d), to the selection of compaction parameters (Fig. 3e), and final
extraction of the specimen (Fig. 3f). Specimens compacted with
the gyratory compactor were sufficiently stable to allow extrusion
immediately and were stored for accelerated curing.
As there is no international consensus concerning the number
of gyrations required to compact the CIR mixtures with this type
of compactor, it was decided to carry out this study to assess this
parameter’s influence on the volumetric properties.
The highest number of gyrations allowed by the employed com-
pactor was 500. Thus, as shown in Fig. 2, the specimens were com-
pacted using 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160,
170, 180, 190, 200, 250, 300, 350, 400, 450, and 500 gyrations (as
the range between 50 and 200 is the most frequently used), cover-
ing all the 22 groups, with each group comprising three specimens
(a total of 66 specimens). These specimen groups were named with
the prefix ‘‘G” followed by the number of gyrations used (e.g., G-50
for the group compacted with 50 gyrations, etc.). Another set of 24
specimens were manufactured to evaluate the volumetric proper-
ties following a different procedure. In this case, eight groups, with
three specimens in each, were tested (with 50, 100, 110, 120, 130,
140, 150, and 200 gyrations), in the typically followed range of the
number of design gyrations.
During the manufacturing process and after the curing proce-
dure, several measurements of the specimen characteristics were
recorded (diameters, heights, and weights) at different stages to5
effectively track the quality of the procedures. This verification
was done in the following two ways:
By registering the weights of the specimens at different times:
W1 represents the weights of the samples before being intro-
duced into the compactor; W2 represents the weights of the
specimens recently compacted and extracted from the com-
pactor; andW3, the weights of the specimens after 3 d of curing
in the oven. Based on these weights, we could estimate the
weight loss during compaction (D1) during the curing proce-
dure (D2), and the total loss (D) using Eqs. (3) to (5), respec-
tively, as follows:
D1 ¼ W1  W2 ð3Þ
D2 ¼ W2  W3 ð4Þ
D ¼ D1 þ D2 ð5Þ
D1 primarily refers to the loss of water during compaction, as
the mould has holes through which water could drain off; it also
refers to a possible loss of material, which remains stuck in the
mould or falls out during handling (this is considered insignifi-
cant). D2 is the loss of water by evaporation during the accelerated
curing. The addition of both the above quantities (total loss D)
means the total loss of mass ( loss of water), from mixing and
compaction procedures, until the specimen is considered to have
lost all the water.
To confirm that the manufacturing was carried out correctly, D
must be similar to the theoretical value of water included in the
samples. As all the gyratory specimens were identically prepared,
this content was the same in all the cases. The theoretical water
content in the samples corresponds to the sum of the AWC and
water, included in the emulsion (i.e., 40% of EC). For the gyratory
specimens manufactured using 950 g of RAP, the total theoretical
water content was 30.88 g.
Based on the difference between the geometric densities before
and after the curing (q0,g and qb,g, respectively), and assuming
that the volume of the specimens (V) remained approximately
constant. From this difference (Eq. (6)), it is possible to estimate
the difference in the weight through Eq. (7), which is mainly
owing to water evaporation (Dwater), which should be similar
to the loss of water D2 obtained above.
Dq ¼ q0;g  qb;g ð6Þ
Dwater ¼ Dq  V ð7Þ
b) Static compaction
In accordance with NLT-161 [39], three CIR specimens with a
diameter of 101.6 and a height of 100 mm were compacted by
applying static compaction. A total of 1800 g of RAP was used to
manufacture each specimen. This group of specimens compacted
with the static press was designated with the prefix ‘‘S”.
Fig. 4 shows the steps of this compaction method. It can be seen
how, after mixing (Fig. 4a), the sample was placed into the corre-
sponding mould with the help of a pike (Fig. 4b and c); subse-
quently, it was positioned in the machine for compaction
(Fig. 4d–f). This compaction procedure consists of a one-min verti-
cal preload of 1 MPa, followed by a two-min stage, during which
the load was increased to 21 MPa linearly. This load was held for
2 min before being linearly reduced back to 0 MPa.
Fig. 3. Gyratory compaction procedure: (a) Sample mixing; (b) Mould preparation; (c) Sample placement; (d) Mould placement; (e) Parameter selection; (f) Extrusion of
compacted specimen.
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According to EN 12697–30 [40], two groups of three CIR speci-
mens each, with a diameter of 101.6 mm and a height of 63.5 ± 1.
5 mm, were compacted using a Marshall hammer, and applying
two different compaction energies. The first group was compacted
with 50 blows applied on each side, while the second group was
subjected to 75 blows. These groups of specimens were called
M50 and M75, respectively. A total of 950 g of RAP was used
in the manufacture of each specimen.
Fig. 5 shows the steps followed to perform the impact com-
paction. It starts with the mixing of the sample (Fig. 5a) and its
placement in the corresponding mould with the help of a pike
(Fig. 5b and c), and the placement of the mould and the hammer
(Fig. 5d and e), to proceed with the Marshall compaction. Finally,
Fig. 5f shows the collection of the weight of the compacted
specimen.
4.2.3.3. Accelerated curing procedure. A curing time was necessary
for the specimens before their volumetric properties were mea-
sured. Thus, immediately after each compaction, all the specimens
were cured after being unmoulded for 3 d at 50 C, following the
PG-4 specifications [5]; this is the time required to reach a constant
mass and thereby lose the existing water by evaporation.
4.2.4. Volumetric characterisation
Once all the specimens were cured, they were allowed to cool to
the ambient temperature and their volumetric properties were
obtained following different procedures (bulk density as well as
the related air void content by dimensions method and sealed
specimen method). Additionally, in the case of the group of gyra-6
tory specimens (G), the density values were also calculated before
the curing procedure, soon after when they were extracted from
the compactor. Furthermore, the bulk density of gyratory speci-
mens was also measured by the dry procedure on cured specimens,
for a more specific range of gyrations. Thus, the properties that
were determined in this study are explained below.
 Maximum specific density, qm
qm represents the maximum specific density (kg/m3), which
was determined according to EN 12697-5 [41]; it was measured
in loose mixtures with a pycnometer. The maximum density is
an intrinsic material property related to the constituent materials
and mixture composition; in this study, it was obtained as an aver-
age of three CIR samples.
 Initial geometric density, q0,g (data from gyratory compactor)
This density was calculated for the specimens compacted with a
gyratory compactor, prior to the curing procedure. The Gyratory
compactor was equipped with LDVT displacement transducers that
record the evolution of the height (h) of the specimens with the
number of cycles, during the compaction. For each sample, the
weight was known prior to the compaction (W1) and was intro-
duced as a parameter in the compactor. The compactor software
would calculate the density in each cycle, assuming that the spec-
imen diameter was equal to the inner diameter of the mould
(100 mm), employing Eq. (8). This would allow the tracing of the
compaction curve with the evolution of the density. Thus, the value
of q0,g was adopted as the density value obtained in the last com-
paction cycle.
Fig. 4. Static compaction procedure: (a) Sample mixing; (b) Sample placement; (c) Sample placement II; (d) Mould placement; (e) Plunger placement; (f) Static press ready to
compact.
Fig. 5. Impact compaction procedure: (a) Sample mixing; (b) Sample placement; (c) Sample placement II; (d) Mould placement; (e) Hammer placement; (f) Compacted
specimen weighing.
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obtain q0,g, a potential correction was considered. Because the orig-
inal calculation uses the diameter of the mould (constant), it was
proposed to calculate a corrected q0,g’, using the real-measured
diameters of the specimens (Ø), and verify the error accrued.
q0;g ¼
4 W1
p  1002  h ð8Þ
q00;g ¼
4 W1
p  Ø2  h
ð9Þ
 Bulk density – Sealed specimen method, qb,s (procedure C)
After the specimens were cured, tempered, properly weighed,
and measured, the bulk density qb,s was calculated by the ‘‘sealed
specimen” method by applying procedure C described in EN
12697–6 [35]. For open asphalt mixtures, such as CIR (i.e. air void
content of 10% or more), the paraffin-coated method is recom-
mended. Paraffin makes the specimens waterproof and prevents
water from entering the accessible pores of the specimens. How-
ever, it is important to apply the paraffin correctly [35] to prevent
it from penetrating into the internal cavities of the test tube.
Fig. 6, presents various steps involved in the procedure for the
calculation of qb,s. It was necessary to cover the specimens with
preheated wax to ensure that they were in a fluid state (Fig. 6a).
Once the specimens were completely covered (Fig. 6b) and cooled
to the ambient temperature (Fig. 6c), they were weighed dry and
immersed in water (Fig. 6d), as indicated in the followed method-
ology [35].
 Bulk density by dimensions method, qb,g (procedure D)
After the accelerated curing process, when the specimens were
at the ambient temperature, they were weighed and measured
using a calliper (four heights and six diameters), according to pro-
cedure D described in EN 12697–6 [35]. The registered data
allowed us to obtain the apparent density by ‘‘dimensions proce-
dure” qb,g, for each of the specimens in the study. This procedure
is suitable for regular specimens (as is the case here), regardless
of the level of voids in the specimen.
 Bulk density – dry, qb,d (procedure A)
This bulk density procedure was performed for another eight
groups of specimens compacted with a gyratory compactor and
cured within a specific range of gyrations, as the specimens used
in the sealed specimen procedure could not be used for any further
analysis.Fig. 6. Bulk density by sealed specimen procedure: (a) Paraffin wax melting; (b) Paraffin-
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EN 12697-8 [42], used for the estimation of air void content rec-
ommends to use this bulk density method (dry) in mixtures con-
taining water.
To this end, the specimens were weighed after the accelerated
curing process, once they were at the ambient temperature (mass
of dry specimens). Next, the specimens were immersed in a water
bath kept at a known temperature. The mass of the specimens was
determined once they were stabilised. Using this information and
following the Procedure A described in EN 12697-6 [35], the ‘‘bulk
density – dry”, qb,d , was determined.
 Va: Air void content
The percentage of air voids in the mixture was calculated fol-
lowing the standard EN 12697-8 [42], using the following
equation:
Vað%Þ ¼ qm  qbqm
 100 ð10Þ
where Va denotes the air void content (%); qm is the maximum
specific density (kg/m3); and qb is the bulk specific density (kg/
m3). As described above, the maximum specific density was calcu-
lated following the standard EN 12697–5 [41] and the bulk density
was calculated according to EN 12697–6 [35], using procedures A, C,
and D. Thus, the air void content was obtained for each of the pre-
viously calculated bulk densities. To differentiate among the three
air void content results, they were named Va,s, Va,g, and Va,d, depend-
ing on whether they were calculated from qb,s, qb,g, or qb,d,
respectively.
5. Results and discussion
5.1. Preliminary work on mixture design
5.1.1. Modified Proctor test for AWC
The modified Proctor test results revealed a maximum dry den-
sity of 1944.00 kg/m3 for an OFC of 5.75% (Fig. 7). Hence, this is the
OFC percentage used to calculate the AWC, in accordance with Eq.
(1).
5.1.2. Optimum binder content
The bitumen content (BC) used in the manufacturing process of
the CIR specimens was selected from the results of the immersion–
compression test, described in NLT-162 [37], and in accordance
with the requirements of the Spanish specification PG-4 [5].
Table 2 summarises the values of UCSdry and UCSwet obtained
according to NLT-161 [39], and the RSR obtained for the different
mix series tested by employing different BCs and AWCs, as well
as the minimum requirements indicated in the PG-4 specification.
In addition, the emulsion content (EC) was also indicated.coating procedure; (c) Paraffin-coated specimens; (d) Immersed specimen weighing.
Fig. 7. Modified Proctor test results.
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lower limits of PG-4 specifications for all traffic categories. How-
ever, the UCSdry and UCSwet results satisfied the requirements only
for lower traffic categories, T3, T4, and shoulders. This compliance
was achieved for mix series 1, 3, and 4. For this reason, and in view
of the best combination of the UCS and RSR, mix series 3 was
selected. This job formula (BC of 2.00%, EC of 3.33%, and AWC of
1.92%) was employed for all the specimens studied in this research.
5.2. Assessment of CIR compaction
The results obtained from the volumetric analysis of the CIR
mixtures using different compaction methods are shown in the fol-
lowing sections. As explained above, the study was divided into
two parts, starting with an extensive analysis of the gyratory com-
paction method, varying the number of gyrations, and ending with
the employment of static and impact compaction methods to com-
pare and contrast the results obtained (Fig. 2).
To begin with, the calculation of the maximum specific density
of the studied mixture (qm) in accordance with EN 12697-5 [41]
resulted in a value of 2419.22 kg/m3.
As for the bulk density results of the manufactured specimens,
it was decided to include in the comparison plots, a range of real
in-field densities for this type of mixtures, obtained from technical
literature, as well as the target density value specified in the fol-
lowed Spanish guidelines for the design of CIR [5]. In this regard,
as stated in Section 1, the in-field reference density for CIR (Table 1)
ranged from 1879.80 to 2310.00 kg/m3. The Spanish specification
[5] indicates that the target density to be achieved in the field
should be at least 100% of the maximum dry density obtained in
the modified Proctor test. Thus, the target density considered for
this particular studied mixture was 1944 kg/m3 (Fig. 7).
5.2.1. Gyratory compaction of CIR
To carry out this study, 66 specimens were initially compacted
using the gyratory compactor, varying the number of gyrations,Table 2
Results of the Immersion–compression test and PG-4 requirements.
Specification limits*




UCSdry (MPa) 3.00 2.50
UCSwet (MPa) 2.50 2.00
RSR (%) 75.00 70.00
*Traffic category T1: 2000 > Annual average daily heavy traffic (AADHT)  800; Traffic
category T4: AADHT less than 50
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first from 50 to 200, in steps of 10, and next from 200 to 500, in
steps of 50. A total of 22 different gyration cases (i.e. specimen
groups) were formed, each of which comprised three specimens.
From these 66 specimens, the bulk density and air void content
were determined using the procedures by dimensions and sealed
specimens. Finally, another 24 specimens were manufactured to
calculate these same volumetric properties by the dry method. In
this second step, the gyrations used were 50, from 100 to 150 in
steps of 10, and 200.5.2.1.1. Bulk density and number of gyrations. The densities of the
gyratory compacted specimens were calculated using four differ-
ent procedures. Immediately after the compaction and without
any curing time, q0,g was obtained directly from the compactor
data. Once the accelerated curing period of 3 d at 50 C was com-
pleted and the specimens were returned to the ambient tempera-
ture, qb and Va were also calculated by employing the three
described methods (qb,g by the dimensions method, qb,s by the
sealed specimenmethod, and qb,d by the dry method). These differ-
ent bulk density results, as well as the above-mentioned reference
range of in-field density and target value, are plotted together in
Fig. 8. The markers on the density curves indicate the average
result of the three specimens manufactured for each of the gyra-
tion cases, and the horizontal lines represent the in-field range
and target densities. These three bulk density results after curing
(qb,g, qb,s, and qb,d) for each gyration case are also shown in Table 3.
It can be seen from Fig. 8 that q0,g, which was calculated prior to
the curing period, was higher than that obtained after the curing,
using the procedures by dimensions and sealed specimen. This
result was expected as the space filled by water was replaced by
air after curing, and therefore the density would decrease in pro-
portion to this water loss.
Related to this water loss, another outstanding feature of the
results shown in Fig. 8 is the shape of the two geometric density
curves, q0,g and qb,g, both of which were calculated simply from
the dimensions and weight of the specimens. Both geometric den-
sity curves have a similar shape, with a practically constant offset.
This offset represents a decrease of 2.20% in the density, mainly
owing to the aforementioned loss of water during the curing pro-
cedure. The similarity in shape also reveals that the calculations
were performed correctly, as the loss of water (and proportional
drop in density) was similar in all the gyratory specimen groups.
The bulk densities calculated by the sealed specimen and
dimensions procedures (i.e. qb,s and qb,g) were very similar; how-
ever, there was a certain tendency for qb,s to be higher than qb,g.
This difference represents an average increase of 1.50% for qb,s with
respect to qb,g. This difference was particularly relevant in the com-
paction with less energy; this difference reaches 3.50% for 50 gyra-
tions, and decreases with an increase in the gyrations to only 0.65%
for 500-gyrations case.
As previously mentioned, considering the proper procedures
followed in each case, a slight overestimation of qb,s, and an under-Mix Series
1 2 3 4 5
1.50 1.75 2.00 2.25 2.50
2.50 2.92 3.33 3.75 4.17
2.75 2.33 1.92 1.50 1.08
2.71 2.21 2.61 2.60 2.29
2.25 1.95 2.30 2.25 2.04
83.34 88.41 88.25 88.56 88.88
category T2: 800 > AADHT  200; Traffic category T3: 200 > AADHT  50; Traffic
Fig. 8. Bulk density results of gyratory compacted specimens.
Table 3
Bulk density of gyratory specimens and water loss estimation during manufacturing and curing procedures.
qb,g (kg/m3) qb,s (kg/m3) qb,d (kg/m3) W1 (g) W2 (g) W3 (g) D1 (g) D2 (g) D (g)
G-50 1834.68 1899.63 2137.52 996.87 993.33 962.67 3.53 30.67 34.20
G-60 1859.59 1918.81 997.10 993.87 963.43 3.23 30.43 33.67
G-70 1877.69 1921.19 997.33 994.63 966.07 2.70 28.57 31.27
G-80 1874.62 1922.93 997.23 993.70 963.83 3.53 29.87 33.40
G-90 1897.45 1925.82 997.20 994.13 965.23 3.07 28.90 31.97
G-100 1902.69 1933.74 2186.79 997.17 993.43 966.97 3.73 26.47 30.20
G-110 1929.10 1935.44 2191.16 997.27 994.00 967.00 3.27 27.00 30.27
G-120 1926.06 1948.62 2205.61 997.27 993.97 966.77 3.30 27.20 30.50
G-130 1939.22 1952.94 2208.06 997.27 993.77 967.17 3.50 26.60 30.10
G-140 1952.35 1962.30 2222.39 997.23 993.87 967.00 3.37 26.87 30.23
G-150 1948.06 1965.89 2236.96 997.27 993.90 967.40 3.37 26.50 29.87
G-160 1941.93 1968.59 997.33 993.63 965.03 3.70 28.60 32.30
G-170 1952.86 1980.79 997.30 993.77 964.17 3.53 29.60 33.13
G-180 1958.05 1991.50 997.27 993.87 964.67 3.40 29.20 32.60
G-190 1961.08 1999.79 997.27 993.83 964.50 3.43 29.33 32.77
G-200 1968.32 1999.09 2265.40 997.23 993.47 966.47 3.77 27.00 30.77
G-250 1982.99 2012.46 996.70 993.70 966.60 3.00 27.10 30.10
G-300 1993.18 2015.76 996.93 993.97 966.90 2.97 27.07 30.03
G-350 2009.90 2030.71 997.07 994.20 967.37 2.87 26.83 29.70
G-400 2022.96 2055.34 996.20 992.90 966.47 3.30 26.43 29.73
G-450 2042.96 2059.81 996.17 992.87 966.43 3.30 26.43 29.73
G-500 2054.11 2067.39 995.53 992.70 966.37 2.83 26.33 29.17
Average 997.01 993.70 965.84 3.30 27.86 31.17
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procedure, part of the paraffin could penetrate the internal pores,
increasing the density. In the case of the dimensions method,
because the surface pores were counted together with the internal
pores, there was a tendency to obtain lower densities. Therefore,
the trend of the density results obtained using these two proce-
dures was considered logical. However, although for this type of
mixture with a high volume of air voids, it is recommended to
use the sealed specimen method, the differences were minimal.
The bulk density by dry procedure (i.e. qb,d) was also calculated,
as it is recommended for estimating the volumetric properties of
mixtures containing water [42]. This method was only performed
near the range of gyrations recommended by the current PG-4
specification [17]. Because CIR mixtures are very porous, and the
dry procedure uses the weight of the immersed specimens (and
water penetrates the pores), qb,d values were significantly higher
than those obtained with the other two methods (Fig. 8); it was,10on average, 13.18% higher than qb,s and on an average, 14.31%
higher than qb,g, for the corresponding gyration cases.
It is also interesting to analyse the in-field reference range and
target densities, as shown in Fig. 8, by comparing them with the
densities obtained for different numbers of gyrations. It is worth-
while and sensible to compare with the results obtained after the
curing period (i.e. qb,g, qb,s and qb,d), as these would be the refer-
ence values once the water content in the mixture was evaporated.
Regarding the value of the considered target density, this value of
qb,g was reached after 140 gyrations, and after 120 gyrations in the
case of qb,s (Table 3). It should be noted that, without being initially
the objective, it has been found that the range of compaction turns
was rather consistent with the Spanish specification from 2017,
described in Circular Order 40/2017 [17], which recommended
using between 100 and 160 gyrations, depending on the granulom-
etry of the RAP, and diameter of the moulds. qb,d was also obtained
near the range, in which the values of qb,s and qb,g reached the tar-
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and qb,g; it was also higher than the density target proposed by the
Spanish PG-4 specification.
Regarding the range of in-field densities considered for the CIR,
in practically all the cases, the results obtained could be framed
within the range for all the apparent density procedures evaluated.
In the case of qb,d, the results were closer to the middle of the
range, at the lowest number of gyrations, whereas for qb,s and qb,
g an unusually high number of gyrations were necessary to reach
the middle values of the CIR in-field density range.
As is already known, the variability of the CIR mixtures is high.
According to the technical literature consulted, the range of com-
paction gyrations used to reach field densities is usually between
30 and 200 cycles [14,16,22,25–27], as was the case for qb,d
(Fig. 8). This difference in the CIR compaction could be mainly
owing to factors related to the materials used (the granulometry
of the RAP, use of stabilisation additives, such as Portland cement
or hydrated lime, or proportions of EC and AWC) as well as other
factors related to the proper compactor parameters, such as the
internal rotation angle.
Raschia et al. [7] highlighted the important effect of aggregate
particle size on the properties of cold recycled mixtures. Adequate
granulometry, together with the use of recycling additives,
strongly facilitates the compaction of mixtures [25]. For this study,
the coarse fraction of the RAP was high and no additives or fillers
were used, which would explain the major difficulty in achieving
higher bulk densities. Thus, in the case of qb,s and qb,g, needing a
higher number of gyrations to reach comparable density to in-
field data was an expected result.
The AWC is also a relevant parameter in view of the related sci-
entific literature, in terms of not only the compatibility, but also
the mechanical properties of the mixtures [27]. While the design
method followed indicates that to achieve the optimum moisture
content of the mixtures studied, the AWC should be 1.92%, the
AWC used in other studies revealed that 3.00% to 4.00% was usually
the amount of added water that gave the best results [18,25,26].
The AWC could aid in reducing the internal friction between the
aggregates and therefore, an increase in this content could facili-
tate the compaction process. In this study, the fact that a higher
number of gyrations was obtained indicates that the AWC may
have been insufficient, and the formulation given in Eq. (1)
requires to be revised.
Regarding the internal rotation angle of the gyratory compactor,
Martínez et al. [14] concluded that this parameter significantly
influenced the compaction, which reached significantly higher
densities for the same number of gyrations when the angle of incli-
nation was higher. In most of the compaction studies that involved
gyratory studies, the angle used was 1.25, while the Spanish EN
12697-31 [38] standard suggests that an angle of 0.82 be used.
The use of this lower internal rotation angle also involved that
lower densities were reached.
In addition, in view of the results, it can be concluded that for
120 to 140 gyrations, qb,s and qb,g, respectively, reached the tar-
get density, and were in the range of in-field reference densities
for this type of CIR mixtures (however, in the lower part of the
range and for a high number of gyrations). It was confirmed that
the range of gyrations proposed by the Spanish specification fol-
lowed for the CIR design [17] was in accordance with the target
density proposed, as confirmed by both dimensions and sealed
specimen procedures. Regarding these two density methods, it
can be concluded that the difference between the results was
very small for the range of gyrations considered (less than
1.00%). Therefore, estimating the bulk density with the geometric
procedure was considered sufficient for the design method, as it
was simpler to perform and it also allowed the specimens to be
reused for other tests.11Even though the values obtained by the dry procedure were
much higher than the target proposed in the design method, they
were closer to the average values of the usual range of in-field den-
sities, even for the lowest gyrations case, which was expected from
the literature.
5.2.1.2. Accuracy of results by weight difference. Regarding the losses
during manufacturing and curing procedures, a relationship could
be established between the weight variations and the commented
loss of water. As mentioned above, in Section 4.2.3.2, such a rela-
tionship could be traced by measuring (i) the weights of the sam-
ples before they were introduced into the compactor (W1), (ii) the
weights of the recently compacted samples (W2), and (iii) the
weights of the samples after the 3-d curing in an oven (W3). By
knowing these weights, it was possible to estimate the losses that
occurred during the compaction (D1) and the curing procedure
(D2) by using Eqs. (3) and (4). These losses mainly correspond to
water evaporation and are shown in Table 3.
The results in Table 3 show that the average D (31.17 g) was
practically identical to the theoretical water content of the samples
(30.88 g), with a difference of only 0.94%. This fact allows us to con-
clude that the loss of weight during the manufacturing and curing
processes corresponded mainly to the loss of water by evaporation,
as already stated.
5.2.1.3. Correction of q0,g and accuracy of results by density differ-
ence. The gyratory compactor automatically estimated q0,g, based
on the measured data inserted by the user using Eq. (8). For each
sample, the weight was inserted manually in the compactor soft-
ware, and the diameter considered corresponded automatically
with the inner diameter of the mould used (100 mm in this case).
The compactor was equipped with LVDT displacement transducers
that would allow the user to know the evolution of the height (h)
of the specimen throughout the compaction. Thus, using these
measures, it was possible to know the density by the geometric
method, q0,g, in each gyration, prior to the curing procedure.
By analysing the data used in the calculation of q0,g, it could be
seen that both the heights of the specimens and their masses were
actual values that were directly measured, manually, or via LVDT.
The weight was manually measured by weighing the sample
before its placement in the mould, and the height was measured
via the LVDT transducers. However, the diameter of the mould
did not correspond completely to the actual diameters of the spec-
imens. While the diameter used for the calculation of q0,g was the
diameter of the mould (100 mm), the average of the real diameters
of the specimens, manually measured after compaction, was
99.74 mm. This slight error of 0.30% in the value used for the diam-
eter led to an average error of 0.50% in the case of q0,g. Thus, it was
decided to perform a ‘‘manual calculation” of the initial geometric
density (q0,g’), by using the average of the measured real diameters
of the specimens (Ø) instead of the mould diameter. In Fig. 9, q0,g,
and q0,g’ are represented. Again, the curve markers indicate the
average value of the three specimens in each case in Fig. 9. It also
represents the Dwater and Dwater’, and the loss of water D2
obtained above by the difference in the weights of the specimens
(Table 3).
By knowing the geometric density before and after the curing
(q0,g and qb,g), and assuming that the volume of the specimens
(V) remained constant after this process, it was possible to esti-
mate the loss of water (Dwater) during curing using Eq. (7). Thus,
based on the results shown in Table 3, Dwater should be similar to
D2 (27.86 g), i.e., the average loss of water by evaporation during
the curing process. By using q0,g for this estimation, the average
Dwater was 21.93 g (Table 4), which was 21.28% lower than D2.
If q0,g’ was used for the estimation of Dwater instead of q0,g, the
result varied significantly. Because the value of q0,g was lower than
Fig. 9. Correction of q0,g in terms of the diameter and loss of water estimation.
Table 4
Initial geometric density calculated by compactor, corrected, and water loss estimation.
q0,g (kg/m3) q’0,g (kg/m3) Ø (mm) h (mm) V (mm3) Dq (kg/m3) Dq’ (kg/m3) Dwater (g) Dwater’ (g)
G-50 1880.62 1889.43 99.77 67.50 5.30E + 05 45.94 54.75 24.36 29.03
G-60 1904.31 1913.01 99.77 66.66 5.24E + 05 44.72 53.42 23.41 27.97
G-70 1913.75 1927.86 99.63 66.33 5.21E + 05 36.05 50.16 18.78 26.13
G-80 1920.53 1930.60 99.74 66.10 5.19E + 05 45.91 55.98 23.83 29.06
G-90 1938.73 1950.20 99.71 65.48 5.14E + 05 41.28 52.75 21.23 27.13
G-100 1945.38 1953.40 99.79 65.26 5.13E + 05 42.69 50.71 21.88 25.99
G-110 1968.44 1977.66 99.77 64.45 5.06E + 05 39.34 48.56 19.91 24.58
G-120 1974.08 1982.00 99.80 64.31 5.05E + 05 48.02 55.94 24.25 28.25
G-130 1981.90 1991.62 99.76 64.05 5.03E + 05 42.68 52.41 21.47 26.36
G-140 1996.25 2004.04 99.81 63.39 4.98E + 05 43.90 51.68 21.85 25.73
G-150 1994.45 2001.56 99.82 63.65 5.00E + 05 46.39 53.50 23.19 26.75
G-160 1985.64 1996.49 99.73 64.00 5.03E + 05 43.71 54.56 21.97 27.43
G-170 1995.44 2009.04 99.66 64.03 5.03E + 05 42.58 56.17 21.41 28.25
G-180 2004.44 2013.38 99.78 63.33 4.97E + 05 46.39 55.32 23.07 27.52
G-190 2003.79 2014.74 99.73 63.35 4.98E + 05 42.71 53.67 21.25 26.70
G-200 2016.56 2025.10 99.79 62.86 4.94E + 05 48.23 56.78 23.81 28.03
G-250 2020.97 2037.23 99.60 63.03 4.95E + 05 37.98 54.25 18.80 26.86
G-300 2037.65 2046.74 99.78 62.47 4.91E + 05 44.47 53.56 21.82 26.28
G-350 2053.71 2065.39 99.72 61.81 4.85E + 05 43.81 55.50 21.27 26.94
G-400 2068.63 2079.71 99.73 60.94 4.79E + 05 45.67 56.75 21.86 27.16
G-450 2089.78 2100.97 99.73 60.69 4.77E + 05 46.82 58.01 22.31 27.65
G-500 2097.57 2107.86 99.76 60.94 4.79E + 05 43.46 53.75 20.80 25.73
Average 99.74 43.76 54.01 21.93 27.07
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age Dwater’ was 26.93 g (Table 4). This estimated value was closer
toD2, differing only by 3.34%, thus resulting in a better approach of
Dwater, with a gap of more than 5 g. Table 4 summarises the orig-
inal initial geometric density as well as the corrected one; the real
diameter, height, and volume of the compacted specimen; the dif-
ference between the geometric densities before and after curing
(original and corrected); and the water loss values (original and
corrected).
From this result, it was concluded that, in fact, the density reg-
istered in the compactor (q0,g) was under-predicted owing to the
use of the diameter of the moulds for the calculation, which was
higher than the real one. However, despite this small calculation
error, it was still a useful tool because it allowed us to track the
compaction process, giving us the height and density curves
throughout the process.
5.2.1.4. Air void content. Based on the relationship between the air
void content and bulk density, the shapes of the air void content12curves were analogous, but inverse, to those of the bulk density,
as shown in Fig. 10. The curve markers in Fig. 10 indicate the aver-
age results of the air void content of the gyratory groups studied,
obtained from the three bulk density results previously discussed.
It is not common to specify a range for the air void content in
the recommendations for the CIR mixtures; therefore, no specific
target value was available in the existing design methods. How-
ever, from the in-field results of recycled mixtures of this type,
despite the high variability of the CIR, it was known that the air
void content was usually around 8% – 16% [6,16,43,47]. This range
was also represented in Fig. 10 by a shaded area.
As is well known and can be checked in Fig. 10, the air void con-
tent decreased with an increase in the binder content. According to
the literature review and design recommendations, 2.50% to 4.00%
of bitumen emulsion by weight of dry RAP was usually used in CIR
mixtures. In this case, 3.30% of bitumen emulsion was used (2.00%
of residual binder content).
Through an analysis of Fig. 10, it can be seen that the air void
content estimated on the basis of bulk density from the sealed
Fig. 10. Air void content of gyratory compacted mixtures after the curing period.
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high. To reach the usual in-field range of Va, it would be necessary
to compact the specimens using a large number of gyrations, rang-
ing from 350 to 500 turns. In this case, for the usual number of
gyrations, the volume of air voids was excessive, approximately
20%, which was more typical of a draining mixture.
However, for Va,d, less than 12% of the air void content was
already reached for 50 gyrations, which was in line with the in-
field reports. The dry bulk density is the recommended procedure
to obtain the volume of air voids in this type of mixtures [42]. From
the results, it was confirmed that the bulk density by the dry pro-
cedure gave volumetric results (i.e., density and air voids) closer to
those reported from the field than the other two considered proce-
dures, which estimated 10% to 12% higher air void content.5.2.2. Static and impact compaction of CIR
In the second part of the study, a group of three CIR specimens
were compacted by using the static compaction (S), and another
two groups of three CIR specimens each were compacted using
the Marshall hammer, by applying 50 and 75 blows on each side
(M50 and M75, respectively).
After the accelerated curing procedure of 3 d in an oven, qb,s,
and qb,g were obtained. For each of the bulk densities, Va,s and Va,
g were also calculated using Eq. (10). In Fig. 11 the bars and mark-
ers indicate the average results obtained for groups S, M50, and
M75. The in-field reference density range and target density val-
ues are also indicated.
In the case of specimens compacted with the impact method
(i.e., M50 and M75), Fig. 11 shows that qb,g was lower than
qb,s. The difference was 4.15% in the case of M50 and 3.28% in
the case of M75. These groups did not achieve the target density
or even the lower limit of the range of in-field reference densities.
Furthermore, as the density results achieved were the lowest, the
air void content was excessively high, over 20% in all the cases,
and even reached 25%.
As for the static compacted specimens (S), qb,s was 1.33% higher
than qb,g, confirming once again the similitude of the two proce-
dures. In this case, the values of qb,s and qb,g achieved were much
higher than the target density marked in the Spanish specification
for CIR mixtures, on an average, by 13.08%. However, these results
were still within the usual range of densities obtained at the work-13site, and the average air void content of 8.53% – 9.75% was also an
accepted range for the CIR according to field reports.
5.2.3. Comparison and discussion of results from compaction methods
for CIR
In addition to analysing the volumetric results of the three stud-
ied compaction methods separately, the other main objective of
this study was to compare them with one another and discus their
trends. The bar chart of Fig. 12 shows the range of bulk densities
obtained using the three studied compaction procedures. Only five
groups of gyratory compacted specimens are represented in
Fig. 12.
In summary, for the gyratory specimens (G), as seen and dis-
cussed above, the increase in the density with the number of com-
paction gyrations was as expected. As seen in Table 3, the target
density was reached by qb,s after 120 gyrations, and by qb,g after
140 gyrations (within the range recommended by the current
PG-4). As already mentioned, qb,d values were much higher than
those of qb,s and qb,g; furthermore, they were also higher than
the target density for all gyrations. With respect to the reference
in-field density range, almost all the results were within the range;
however, it was concluded that qb,d and Va,d approximated the real
volumetric behaviour better than the other procedures for gyratory
compacted specimens.
By applying a static compaction with a load of 21 MPa, the spec-
imens achieved the highest qb,s and qb,g in the entire study, even
much higher than those obtained for 500 gyrations with gyratory
compaction; this was 5.61% higher in the case of qb,s, and up to
7.72% higher in the case of qb,g. The average value of qb achieved
in the S group was 2198.02 kg/m3. It was also found to be much
higher than the considered target density. However, these results
were comparable to those obtained for qb,d in the gyratory cases,
which were considered to be a more accurate estimation of the
in-field behaviour.
Despite obtaining volumetric results that may fit within the in-
field density range derived from the literature review, the com-
pressive system (static) was not considered to be the most accurate
compaction method for CIR mixtures. The enhanced density is usu-
ally associated with increased loading pressure applied to the sam-
ples, which causes aggregate breakage and binder squeezing, as
detected by other researchers [13,44,45]; which usually results in
Fig. 11. Bulk density and air void content of mixtures compacted with static and impact procedures.
Fig. 12. Comparison of qb from different compaction methods.
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obtained from in-field cores and other laboratory compaction
methods. This tendency to obtain much higher density results with
static compaction than with other methods has also been reported
in other compaction studies [18,23,28,44]. Thus, this compaction
method was not recommended for CIR mixtures.
Specimens from groups M50 and M75 did not reach the
minimum target density. The average qb of M50 was
1839.71 kg/m3, which was even lower than that obtained for G-
50. The average qb obtained for M75 was 1882.40 kg/m3, which
was similar to that obtained for G-60 or G-70. Although the density
of group M75 was above the lower limit of the in-field density
range, it was still considered a fairly low density value. For this rea-
son, as already stated, impact compaction was not recommended
in cold mixtures because it delivered worse volumetric character-
istics than those obtained with other methods (such as gyratory),
and was less consistent with the target and in-field reference val-
ues. Hartman et al. [44] stated that the Marshall compactor did not
have a kneading action to readjust the particle size distribution and
therefore, produced a lower density than the values obtained in the
field.14The moulds used in this compaction were not the most suitable
for cold mixes, as they also do not have any holes to let water flow
out, as was the case of the moulds in the gyratory compaction. Fur-
thermore, impact compaction is an especially aggressive type of
compaction, which frequently leads to a deterioration of the spec-
imens. Thus, this compaction method is again not recommended
for CIR-type mixtures.
Gyratory compaction was generally chosen as the laboratory
compaction method best suited to obtain a more homogeneous
and uniform compaction and air void distribution [43,46], and
the engineering properties were more consistent with those
obtained in the field cores. Gyratory compaction was also seen to
simulate the conditions of field compaction by the effect of the
kneading movement. It allowed better control of the compaction
than other methods, and was able to monitor the change in the
height of the specimen through the compaction curve.
Once the gyratory compaction method has been chosen as the
most suitable, the procedures for calculating the volumetric prop-
erties need to be discussed. Regarding the bulk density procedures
carried out, it could be concluded beforehand that because of the
mentioned porosity of the CIR, the ‘‘sealed specimen” procedure
P. Orosa, A.R. Pasandín and I. Pérez Construction and Building Materials 296 (2021) 123620was the most appropriate method to analyse the compaction of
these mixtures. According to this bulk density procedure, it was
found that 120 compactor gyrations were adequate to reach the
target density, thus confirming that the compaction indicated in
the Spanish PG-4 [17] was consistent. However, the dimension’s
procedure yielded quite similar results (differences in the density
values were approximately 0.80% in the range of the design gyra-
tions), reaching the target density in 140 gyrations. This procedure
was simpler than the prior procedure and allowed the specimens
to be reused after the density calculation. Thus, the dimension’s
procedure could also be used to obtain the bulk density of CIR
for laboratory design.
Regarding the real in-field performance, it was observed that
the volumetric results obtained following the dry procedure were
more in accordance with data from real in-field studies and
reports, in terms of densities and air void content, for the lower
rotation cases, as expected from the literature. Given the variability
of the CIR, it is always interesting and advisable to carry out a test
section to really understand how the mixture would behave, once
it is executed in the field, and then evaluate its correct curing.
6. Conclusions
In this study, the effects of three different laboratory com-
paction procedures (gyratory, static, and Marshall) on the volumet-
ric performance of CIR were investigated. Specimens with the same
mixture proportions were manufactured by varying the parame-
ters of the compaction methods (i.e., number of gyrations and
number of blows), and the volumetric properties were evaluated
by different methods, namely bulk density by dimensions, sealed
specimen and dry procedures, in addition to the air void content.
The results were compared with one another with the design tar-
get value, and with the reference range of in-field densities; the
most suitable compaction method for CIR mixtures was identified.
As a result, the following conclusions and recommendations
were drawn:
a) The density values before curing (qo,g) were always higher
than those after curing obtained by dimensions and sealed
specimen procedures (qb,g or qb,s) owing to water filling in
the pores before being evaporated. qo,g was, on an average,
2.20% higher than qb,g, with an almost constant offset for
all the gyration cases. Bulk density results obtained by the
sealed specimen procedure (qb,s) resulted in a value, which
was, on an average, 1.50% higher than that obtained by the
dimensions procedure (qb,g).
b) The bulk density results obtained by the dry procedure (qb,d)
values were significantly higher than those obtained using
the other two methods. qb,d was 13.18% higher, on average,
than qb,s, and 14.31% higher than qb,g.
c) Gyratory compaction is the procedure that best fits the tar-
get bulk density suggested in the specification referred to,
which was reached after 120 gyrations for qb,s, and after
140 gyrations for qb,g. Concerning the in-field reference com-
paction, it was found that qb,d gave more realistic results,
more similar to the usual average in-field densities and air
void content. These in-field approximations were already
associated with the lowest cases of gyrations (50 to 100
gyrations), which was in line with results from other CIR
studies.
d) By calculating the difference in the weight of the specimens
before and after the curing, the water losses owing to evap-
oration could be estimated. The difference between this esti-
mation and the theoretical water of the mixtures was only
0.94%., and it was concluded that the manufacturing and
curing procedures were carried out correctly.15e) Because the inner diameter of the mould was used for the
calculation of qo,g, instead of the actual diameter of the spec-
imens, this density results from the compactor calculations,
prior to the curing procedure, were under-predicted by
approximately 0.50%. However, this was a small error, and
this density calculation is still considered a useful tool, as
it is very simple and allows an easy monitoring of the com-
paction process.
f) A static compaction of 21 MPa returned excessive bulk den-
sity results (qb,s and qb,s). In contrast to the gyratory cases,
the static case always exceeded the target density signifi-
cantly, yielding results that are more similar to those
obtained from the dry procedure (qb,d) in the gyratory cases.
These high-density results were typically caused by the
higher pressure applied to the specimens, aggregate break-
age and binder squeezing, and use of unsuitable moulds
for cold mixes. Therefore, static compaction was not consid-
ered to be the most suitable for CIR mixtures.
g) The bulk densities achieved with the impact-compacted
specimens were very low. Neither the in-field reference
nor the target density values were achieved. The bulk den-
sity of the M50 group was even lower than that of the G-
50 group, and the bulk density of M75 was similar to that
of G-60 or G-70. It was concluded that Marshall compaction
was not suitable for CIR mixtures, and resulted in a signifi-
cant worsening of the volumetric performance. This was
possibly a result of the breakage of aggregates during com-
paction, and the use of an inadequate mould for cold
mixtures.
In summary, by looking at the volumetric properties obtained
from the three different laboratory compaction methods studied,
one can say that the gyratory compactor system turned out to be
the most suitable compaction test method for the production of
CIR specimens and characterisation in the laboratory; it is also
the most comfortable and versatile, and allows to monitor the
compaction process during its execution. Regarding the evaluation
of volumetric properties, both the bulk density procedures by
dimensions and sealed specimen gave very similar results, reach-
ing the target density for the same range of gyrations. However,
it was the dry method that yielded results that were more consis-
tent with those achieved in the field.Author contributions
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